Abstract. It has been suggested that hepatic stellate cells (HSCs) could be used in the regulation of liver microcirculation and portal hypertension. The effects of tensile strain on the microRNA (miRNA) profile of HSCs are largely unknown. In this study, we aimed to explore the changes of miRNA expression in tensile strain-treated HSCs. The purity and activation of HSCs were determined by immunofluorescence staining with antibody against desmin and a-SMA, respectively. miRNA profile analysis was performed on HSCs with and without tensile strain treatment (n=3) using microarray analysis. We identified 6 significantly differentially expressed miRNAs (DEMs), including 1 downregulated (rno-miR-125b-2-3p) and 5 upregulated (rno-miR-1224, rho-miR-188-5p, rho-miR-211-3p, rho-miR-3584-5p and rho-miR-466b-5p), which were validated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) experiments. Further analysis of the DEMs revealed that many important biological processes and signal pathways were triggered in tensile strain-treated HSCs. These include the signal transduction mechanisms associated with protein binding, apoptosis, proliferation, and the FoxO and Wnt signaling pathways. In conclusion, this study presents the specific DEMs in tensile strain-treated HSCs. Our study provide novel miRNA-based information that may enhance our understanding of the pathophysiological processes leading to portal hypertension.
Introduction
Portal hypertension, defined as an increased pressure gradient between portal vein and hepatic veins, is the result of increased vascular resistance and portal blood flow (1,2). The causes of portal hypertension include pre-hepatic (e.g., arteriovenous fistula, portal or splenic vein thrombosis), intra-hepatic (e.g., sinusoidal obstruction syndrome, schistosomiasis and cirrhosis) and post-hepatic causes (e.g., inferior vena cava obstruction and Budd-Chiari syndrome), among which cirrhosis is the most common cause of portal hypertension (1,2). Hepatic stellate cells (HSCs) located in the perisinusoidal space of the liver accounts for 5-8% of all liver cells (3) . HSCs have been considered as the main mediator of liver fibrosis (4-6) for years. Recent studies have reported that activated HSCs can contract or relax in response to various vasoactive substances [e.g., nitric oxide (7), carbon monoxide (8) and endothelin (9) ] and suggested the involvement of HSCs in the regulation of liver microcirculation and portal hypertension.
MicroRNAs (miRNAs) are 21-to-23-nucleotide-long, non-coding RNA molecules. miRNAs bind to the 3'-untranslated region of target genes and negatively regulate their expression by mRNA cleavage or translational repression. Thus, miRNAs play an central role in the regulation of various cell functions such as cell proliferation, differentiation, and apoptosis (10). Some miRNAs, e.g., miR-19b (11), miR-29 (12), miR-126 (13), miR-132 (14), miR-150 (15) and miR-194 (15), have been found involved in HSC transdifferentiation and downregulated in fibrotic livers. Some studies have also been performed to investigate the association of miRNAs and portal hypertension. For example, miR-666 and miR-708 could suppress the expression of a water channel aquaporin-1, which promotes fibrosis and portal hypertension (16) . Circulating miRNA-122 levels are found inversely correlated with portal pressure of patients with HIV/hepatitis C virus (HCV) coinfection (17) . However, it is not known whether miRNAs play a role in the mechanical response of HSCs to portal hypertension.
In this study, tensile strain was applied to HSCs to mimic the mechanical force caused by portal hypertension. Microarray was used for miRNA profile analysis in HSCs with or without tensile strain. We characterized 6 significant differentially expressed miRNAs (DEMs) in response to tensile strain. The ) were plated in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) at 37˚C in 5% CO 2 /95% air. The medium was replaced every other day. HSCs were quiescent within 2 days and completely activated at day 14. Cell survival was determined by trypan blue staining. The purity of HSCs was identified by immunofluorescence staining with anti-desmin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and anti-α-SMA (Abcam, Cambridge, MA, USA).
Application of tensile strain to HSCs and RNA extraction.
Activated HSCs were plated onto collagen-coated BioFlex amino-culture plates (Flexcell International, McKeesport, PA, USA) and grown in DMEM without FBS for 24 h. HSCs were then subjected to a 10% tensile strain, 0.5 Hz for 24 h by using Flexercell FX-2000 system (Flexcell International), as previously described (18) .
Total RNA was extracted from HSCs with or without tensile strain treatment by using miRVana™ RNA Isolation kit (Thermo Fisher Scientific, Inc., Rockford, IL, USA) following the manufacturer's instructions. The extracted RNA was then quantified by using NanoDrop spectrophotometer (NanoDrop Technologies: Thermo Fisher Scientific, Inc., Wilmington, DE, USA) at 260 nm.
miRNA expression analysis using miRNA array. miRNA profiling was undertaken with Agilent Rat 8x15k miRNA microarray (Agilent Technologies, Inc., Santa Clara, CA, USA) containing 765 rat miRNAs annotated in miRBase version 21.0 according to the manufacturer's instructions. In brief, 100 ng total RNA was dephosphorylated, denaturated and labeled with cyanine 3-pCp. Subsequently, samples were purified, dried with a vacuum concentrator and hybridized to the microarrays in Agilent SureHyb Chamber base at 55˚C for 20 h. After washing, the slides were scanned with a scanner (Agilent Technologies, Inc.). The raw data were exported by Agilent Feature Extraction (FE) software. The threshold for significant DEMs was set as fold-change ≥2.0 and P<0.05.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
To validate the microarray data, RT-qPCR was performed. The extracted RNA was reverse transcribed using M-MLV Reverse Transcriptase (Thermo Fisher Scientific, Inc.) with a special stem-loop primer (RT primer). Subsequently, real-time PCR was performed with SYBR-Green PCR kit (Thermo Fisher Scientific, Inc.) on ABI PRISM 7500 Real-Time PCR system (Applied Biosystems: Thermo Fisher Scientific, Inc., Foster City, CA, USA) according to manufacturer's instructions. The sequences of RT and PCR primers are listed in Table I . The expression levels of miRNAs were normalized to U6 expression. Statistical differences were determined using Student's t-test with a threshold of P<0.05.
Target prediction of the DEMs. We used miRNAorg (http://www. microrna.org) and TargetScan (http://www.targetscan.org/) (19) to search for mRNA targets of the DEMs. The mRNA targets that were predicted by two programs were considered.
GO and pathway analysis of predicted mRNA targets. GO and pathway analysis was performed on predicted mRNA targets of the DEM using DAVID bioinformatics resources (20) and the KEGG database (21-23), respectively. Specific biological process categories and pathways were enriched. The threshold of significance was defined by P-value (<0.05) and Benjamini-Hochberg false discovery rate (FDR-bh, <0.25).
Statistical analysis. SPSS20.0 software (SPSS Chicago, Il, USA). SPSS 19.0 software (IBM, Armonk, NY, USA) was used for statistical analysis. Student's t-test was used for comparing the variables in control and treated groups.
Results
Identification of primary HSCs. HSCs were isolated from rat liver by in situ collagenase digestion and density gradient centrifugation. The purity of HSCs was determined by immunofluorescence staining. As shown in Fig. 1 , desmin, an HSC marker (24), was expressed in most cells at both day 2 and 4 after plating, suggesting the purity of HSCs. The signal of α-SMA, a marker of activated HSC (25), was not detected at day 2 and became obvious at day 14, indicating that the isolated HSCs were quiescent within 2 days and completely activated at day 14.
DEMs in response to tensile strain. To investigate the effects of mechanical force on the miRNA profile of HSCs, tensile strain was applied to the activated HSCs, and RNA was extracted and subjected to microarray analysis. A total of 765 miRNAs was examined. With a threshold of fold-change ≥2.0 and P<0.05, we identified 6 significant DEMs, including 1 downregulated (rno-miR-125b-2-3p) and 5 upregulated (rno-miR-1224, rho-miR-188-5p, rho-miR-211-3p, rho-miR-3584-5p and rho-miR-466b-5p) ( Fig. 2 and Table Ⅱ) in tensile strain-treated HSCs compared with control HSCs.
Validation of miRNAs microarray with RT-qPCR.
To vali date the microarray results, RT-qPCR was performed in tensile strain-treated HSCs and control HSCs for rno-miR-125b-2-3p, rho-miR-188-5p and rho-miR-211-3p. As shown in Fig. 3 , the change trend of the 3 miRNAs detected by RT-qPCR was the same as the results of miRNA microarray.
GO and pathway analysis. We then searched the potential target genes of the 6 DEMs by using two bioinformatic alg orithms. There were 1,449 and 4,880 target genes predicted in miRNAorg and TargetScan, respectively ( Fig. 4) . To reduce the false positives, the target genes that were predicted in both algorihms were considered and are listed in Table Ⅲ .
To understand the biological significance of DEMs, we conducted a functional annotation of the target genes with GO (Fig. 5) and pathway analysis (Fig. 6) . By using a threshold miRNAs in cancer, amyotrophic lateral sclerosis, and maturity onset diabetes of the young) and signaling pathway (sphingolipid, FoxO and Wnt).
Discussion
HSCs have been suggested to be involved in the regulation of liver microcirculation and portal hypertension. Recently, evidence has accumulated supporting that miRNAs are associated with liver diseases (26) . However, there are few studies on the mechanical response of HSCs to portal hypertension. In this microarray study, we identified differentially expressed miRNAs in HSCs in response to tensile strain. We found that 6 miRNAs (1 downregulated and 5 upregulated) significantly differentially expressed. DEMs included those that were previously associated with liver diseases, such as alcoholic liver disease [miR-1224 (27)], HBV/HCV infection [miR-211 (28)], and liver cancer [miR-125b-2-3p (29) and miR-188-5p (30)], and others that are novel in liver diseases (miR-3584-5p and miR-466b-5p). miR-3584-5p (31) and miR466b-5p (32) have been found involved in S. japonicum infection and lipopolysaccharide-induced inflammation, respectively. Moreover, GO analysis was performed on the target mRNAs of DEMs. The results showed that the target mRNAs are involved in diverse pathophysiological processes including protein binding, cell apoptosis, cell proliferation and response to muscle stretch, which may be implicated in the repose to tensile strain and the pathogenesis of portal hypertension. To reveal miRNA regulation of pathways, KEGG pathway analysis was performed based on the predicted target mRNAs of DEMs. Notably, FoxO and Wnt pathways were identified as significant. Constitutively active FoxO1 negatively regulates the proliferation and transdifferentiation of HSCs in liver fibrosis (33) . Wnt signaling promotes hepatic fibrosis by enhancing HSC activation and survival (34, 35) . These previous reports have supported the critical role of FoxO and Wnt pathways in the pathogenesis of liver fibrosis. Our results suggested the possible involvement of these two pathways in the mechanical response of HSCs and in the pathogenesis of portal hypertension, although there is still much to learn about the underlying mechanisms.
In summary, we have shown the differentially expressed miRNA in tensile strain-treated HSCs. The results of GO and pathway analysis further provided novel miRNA-based information that may enhance our understanding of the pathophysiological processes leading to portal hypertension and may contribute to improving outcome for patients with portal hypertension.
